Cellular senescence is a fundamental cell fate playing a significant role throughout the natural aging process. However, the molecular determinants distinguishing senescence from other cell-cycle arrest states such as quiescence and post-mitotic state, and the specified mechanisms underlying cell-fate decisions towards senescence versus cell death in response to cellular stress stimuli remain less understood. Employing multi-omics approaches, we revealed that switching off the specific mitochondrial processing machinery involving the peptidase IMMP2L serves as the foundation of the senescence program, which was also observed during the mammalian aging process. Mechanistically, we demonstrate that IMMP2L processes and thus activates at least two substrates, mitochondrial metabolic enzyme glycerol-3-phosphate dehydrogenase (GPD2) and cell death regulator apoptosis-inducing factor (AIF). For cells destined to senesce, concerted shutdown of the IMMP2L-GPD2 and IMMP2L-AIF signaling axes collaboratively drives the senescent process by reprogramming mitochondria-associated redox status, phospholipid metabolism and signaling network, and simultaneously blocking cell death under oxidative stress conditions.
INTRODUCTION
Cellular senescence is an irreversible cell cycle arrest state that can be triggered by multiple types of cellular stress including irreparable DNA damage, telomere attrition, oncogenic mutation, deregulated metabolism and oxidative stress.
1, 2 Senescent cells share a combination of characteristics, including enlarged and flatten morphology, loss of proliferative capacity, increased senescence-associated ß-galactosidase (SA-ß-gal) activity, and pro-inflammatory senescence-associated secretory phenotype (SASP). 3 Physiologically, cellular senescence plays complex roles in many biological processes such as development, wound healing, tumorigenesis and aging. [4] [5] [6] [7] [8] During the natural aging process that takes place for decades, the senescent program is triggered in response to a series of multivariable stress challenges. Some of the senescent cells remain viable and accumulate in tissues and organs due to the potential aging-related decline in immune surveillance, and they would act as detrimental factors significantly accelerating the aging process via impairing tissue regeneration and reinforcing prolonged inflammatory response. 9 Aging is the major risk factor for multiple types of geriatric diseases including cardiovascular disorder, stroke, diabetes, neurodegeneration and cancer, 10 and emerging evidence suggests that selectively killing senescent cells could alleviate agingrelated disorders in vivo. [11] [12] [13] [14] While extensive studies have been done to reveal the mechanisms underlying cellular senescence, it is critical to further elucidate the unique and specified program orchestrating the onset of this distinct cell fate because many currently defined characteristics implicated in senescence are also shared by other important cell fates and activities including cell cycle arrest, production of inflammatory factors, and activated stress responses.
In this study, we have systematically uncovered a signaling network orchestrated by a nuclear-encoded mitochondrial intermembrane peptidase IMMP2L for cell fate determination, senescence versus cell death, critical events associated with tissue homeostasis and aging process. Shutdown of IMMP2L signaling through either the inhibitory regulation of this peptidase by an irreversible, suicidal protease inhibitor SERPINB4 or its own downregulation is sufficient to initiate cellular senescence by reprogramming the mitochondrial functionality. Employing advanced proteomics, we have identified at least two mitochondrial target proteins processed by IMMP2L, including metabolic enzyme GPD2 and cell death regulator/electron transport chain complex I component AIF. In healthy cells, the IMMP2L-GPD2 axis catalyzes redox reactions to produce phospholipid precursor glycerol-3-phosphate, while under oxidative stress, IMMP2L cleaves AIF into its truncated pro-apoptotic form, leading to cell death initiation to remove cells with irreparable damage. For cells programmed to senesce, conversely, the IMMP2L-GPD2 axis is switched off to block phospholipid biosynthesis, leading to reduced availability of membrane building blocks for cell growth together with the disruption of mitochondrial localization of certain phospholipid-binding kinases, such as protein kinase C-δ (PKC-δ) and its downstream signaling. These alterations in mitochondria-associated metabolism and signaling network render the cells to enter a senescent state featuring high levels of reactive oxygen species (ROS). Simultaneously, as a vital collaborative mechanism, blockage of pro-apoptotic AIF generation due to the loss of IMMP2L ensures the viability of senescent cells under ROS-mediated oxidative stress. Taken together, we have mechanistically uncovered IMMP2L-mediated signaling as a key regulatory pathway in the control of fates of healthy, apoptotic and senescent cells. Furthermore, we propose that loss of IMMP2L signaling represents one of the fundamental events associated with cellular senescence as alteration of this network can be observed across a variety of tissue and cell types throughout the natural aging process.
RESULTS
Exploration of the early cellular events associated with onset of senescence rather than quiescence Previously, we found that epidermal growth factor (EGF) could act as a natural senescence-suppressor for normal human epithelial cells grown in culture, besides its traditional role as a mitogen to stimulate cell proliferation. 15 The potent impact of EGFR signaling inhibition on inducing cell cycle arrest and senescence initiation in primary normal human bronchial epithelial (NHBE) cells prompted us to use this experimental condition as a tool to identify signaling pathways mediating the onset of cellular senescence program. Experimentally, short-term EGFR inhibitor Erlotinib treatment could induce a strong G1 cell cycle arrest in NHBE cells to lead them to senescence or quiescence, which can be distinguished by SA-ß-Gal staining (Supplementary information, Figure S1a and b). Therefore, comparing the gene expression profiles among normal proliferating NHBE cells versus senescent and quiescent cells collected from the same EGFR inhibition treatment condition allowed us to identify genes potentially playing a more specific role in senescence programming beyond regulating cell cycle arrest. As illustrated in Fig. 1a , after EGFR inhibitor treatment, we subsequently added to the culture a compound C12FDG that could be catalyzed into a green fluorescent product by the SA-ß-gal enzyme present at a high level in senescent cells. 15, 16 Employing fluorescence-activated cell sorting (FACS), we were able to separately collect two different cell populations based on green fluorescence intensity. As a validation of our experimental approach, we found that the cell population exhibiting stronger fluorescence (senescent cell population) displayed multiple characteristics of cellular senescence in contrast to the cell population representing quiescent cells (Supplementary information, Figure S1b -e). Based on those observations, we then performed a transcriptomics analysis aimed to identify potential factors specifically implicated in senescence initiation.
Principal component analysis (PCA) of the transcriptomics data indicated that the senescent cells displayed a unique transcriptional signature compared with proliferating and quiescent cells (Fig. 1b) , so we conducted gene ontology (GO) analysis for genes significantly and specifically altered in the senescent population ( Fig. 1c ; Supplementary information, Table S1 ). Among the top enriched pathways, a majority of them were associated with cell cycle regulation and DNA replication, reflecting the fact that the genes captured in the screen participate in the initiation and establishment of irreversible cell cycle arrest. Notably, since this experimental setting was aimed mainly to explore the early driving events of cellular senescence, we collected the cells at the earliest time point when those EGFR inhibitor-treated cells displayed significantly increased SA-ß-gal activity. Accordingly, at this very early stage, the senescent population has not fully developed the profound pro-inflammatory phenotype based on our transcriptional analysis, which was expected as notable upregulation of SASP factors occurs at the late stage of senescence program. 17 Based on the GO analysis, our attention was drawn to the pathway of negative regulation of endopeptidase activity that contains members of the clade B serine protease inhibitor (SERPIN) superfamily that includes SERPINB1, B4, B7, B9 and B13, with their expression significantly upregulated in the senescence-positive NHBE cell population (Fig. 1d) , suggesting its potential association with the establishment of senescent cell fate.
A negative regulator of endopeptidase SERPINB4 is sufficient and required in driving senescence initiation Certain members of the SERPIN family have been previously implicated in senescence such as plasminogen activator inhibitor-1 (PAI-1), a secreted SERPINE family member involved in senescence induction. 18, 19 Furthermore, transcription of the SERPINB3 and SERPINB4 loci has been found to be activated in oncogenic HRas-induced senescence despite that the mechanism underlying their function and significance during senescence remains largely unknown. 20 To systematically explore the potential function of all these up-regulated SERPINs in the context of senescence initiation, we ectopically expressed each of the five SERPIN genes in NHBE cells and only SERPINB4 was able to exert a potent impact on senescence programming as determined by SA-ß-gal staining (Fig. 1e, f) . Furthermore, the aforementioned SERPINB3 was not specifically upregulated in senescent population based on our transcriptome profiling, and ectopic expression of SERPINB3 also failed to induce senescence when compared with SERPINB4 (Supplementary information, Figure S2a , b). Since the level of ectopically expressed SERPINB4 was comparable to its endogenous state detected in the senescent population upon EGFR inhibition (Supplementary information, Figure S2c ), we postulated SERPINB4 represents one of the most prominent factors identified in our screen involved in the program driving cellular senescence.
To explore this further, we also employed IMR-90 cells, a type of commonly used human diploid fibroblasts for senescence research throughout our subsequent studies. Consistent with the initial observation of a potent effect of SERPINB4 in inducing senescence in NHBE cells, we detected the appearance of several important hallmarks of cellular senescence that include enlarged cell size, strong SA-ß-gal staining (Fig. 2a, b) , markedly decreased proliferation capacity (Fig. 2c ) along with induction of the cyclindependent kinase inhibitor p16 Ink4a (Fig. 2d) . Importantly, blockage of SERPINB4 upregulation through shRNA knockdown (Fig. 2e) could suppress the induction of senescence in NHBE cells with EGFR inhibition (Fig. 2f, g ), indicating the necessity of SERPINB4 induction in the initiation of senescence. Together with the observation of SERPINB4's upregulation in lung-associated cells undergoing different types of senescence (Fig. 3c) , these results suggest that induction of SERPINB4 represents a crucial event for the initiation of senescence programming.
SERPINB4 directly traps and inhibits nuclear-encoded mitochondrial peptidase IMMP2L to trigger senescence initiation Considering SERPINB4 as a serine protease inhibitor, we proceeded to identify the direct protease/peptidase substrate(s) inhibited by SERPINB4. As mentioned, SERPINB4 belongs to the clade B of SERPIN superfamily, which is the only subfamily of SERPINs lacking a signal peptide and thus resides primarily within cells. 21 Therefore, SERPINB4 could carry out its function by blocking the activity of an intracellular serine peptidase and/or protease(s). Previously, three different proteases were found inhibited by SERPINB4, including cathepsin G, human mast cell chymase and granzyme M. 22, 23 However, most of those experiments were conducted in cell-free systems, and these proteases are also known to have a cell type-specific distribution, being mainly expressed in immune cells. More importantly, SERPINB1, which could inhibit these same proteases as SER-PINB4, 24 failed to induce senescence upon overexpression (Fig. 1e) . Accordingly, we postulated that the primary intracellular target(s) of SERPINB4 for driving the cellular senescence process remained unknown. Table S1 for list of senescence-associated genes. d Heatmap of all SERPIN genes involved in endopeptidase regulation. e Senescent NHBE cells are being detected by SA-ß-Gal assay. NHBE cells carrying a Dox-inducible (Tet-On) vector expressing target genes were grown with Dox (1 ug/mL) for 7days and SA-ß-Gal staining was then performed. Scale bar = 50 μm. f Quantification of senescent cells in indicated groups. Data are mean ± s.d.; Two-tailed, unpaired t-test was used. Data are representative of five independent areas (e) Fig. 2 Negative endopeptidase regulator SERPINB4 is identified to be a crucial factor involved in cellular senescence. a Ectopic expression of SERPINB4 is sufficient to induce cellular senescence in IMR-90 cells as determined by SA-ß-Gal staining. IMR-90 cells carrying a Dox-inducible (Tet-On) vector expressing Luciferase and SERPINB4 were grown with or without Dox (1 ug/mL) for 7 days and SA-ß-Gal staining was then performed. Scale bar = 50 μm. b Quantification of senescent cells in each group. Data are mean ± s.d.; Two-tailed, unpaired t-test was used. Data are representative of five independent areas (a). c Pronounced cell cycle arrest has been observed upon SERPINB4 overexpression in both IMR-90 (Left) and NHBE (right) cells. 10 uM Edu has been added into medium 2 h prior to the detection of Alexa Fluor 647-labeled Edu using flow cytometry. Data are mean ± s.d.; Two-tailed, unpaired t-test was used. d Immunoblot for detecting upregulation of 16 Ink4a in both NHBE and IMR-90 cells upon SERPINB4 ectopic expression. e SERPINB4 was stably knocked down by shRNAs as determined by qPCR in NHBE cells. Data are mean ± s.d.; Two-tailed, unpaired t-test was used. f SERPINB4 is required for Erlotinib-mediated senescence induction. Cells undergoing SERPINB4 shRNA knockdown have been treated with Erlotinib for 48 h, which was followed by SA-ß-Gal staining. Scale bar = 50 μm. g Quantification of SA-ß-Gal-positive cells indicates that SERPINB4 knockdown suppresses the senescence induction upon blockage of EGFR. Data are mean ± s.d.; Two-tailed, unpaired t-test was used. Data are representative of five independent areas (f) Biochemically, SERPINs belong to the specific group of protease inhibitors employing a unique mechanism to inhibit protease activity. In each SERPIN's C-terminal domain, a reactive center loop (RCL) acts as a "bait" which is attacked by the target protease, and the SERPIN would suicidally trap the protease to form a covalently bound complex to irreversibly block the target protease activity. Such a protein complex is assumed to be stable under SDS-PAGE and remains detectable upon Western blot analysis, 23 with the presumed process illustrated in Supplementary information, Figure S2d .
To identify the potential protease target(s) of SERPINB4, we employed an SERPINB4 antibody that is capable of recognizing the covalent complex formed between SERPINB4 and its known target cathepsin G. Using this antibody, we were able to detect a protein band representing SERPINB4 and a specific band with a larger size than SERPINB4 in the SERPINB4-upregulated senescent cells (Fig. 3a ) that presumably represents a covalently bound complex formed by SERPINB4 and its target protease/peptidase. We subsequently developed a strategy aiming to identify the target trapped in this complex as illustrated in Fig. 3b . In brief, the immunoblot suggested the molecular weight of this potential complex to be less than 65 KDa (Fig. 3a) . Considering the assumed size of SERPINB4 fragment within the SERPIN-protease complex to be about 40 KDa, 23 we estimated that the molecular weight of the protease/peptidase trapped by SERPINB4 should be less than 25 KDa, so this designated protein size was used as our primary criterion to explore the potential protease target(s) of SERPINB4. Based on two protease databases, MEROPS and Degradome, 25, 26 over 600 human proteases and peptidases have been identified so far with only 19 of them smaller than 25 KDa (Supplementary information, Table S2 ). Moreover, the primary targets of SERPINs are thought to be serine proteases/peptidases that further reduce the finalists into four peptidases/proteases. Theoretically, the covalent complex should be detected by antibodies for both SERPINB4 and the target protease in immunoblotting. Among the four candidates on the short list, mitochondrial inner membrane protease subunit 2 (IMMP2L) and signal peptidase complex catalytic subunit 11A (SEC11A) were chosen for the test mainly considering their potential functional relevance. 27, 28 As shown in Fig. 3b , we found that only the anti-IMMP2L antibody could detect the protein complex with the same pattern as the anti-SERPINB4 antibody, indicating one of the potential protease(s) trapped by SERPINB4 within the complex to be IMMP2L. Furthermore, the inactive covalently bound complex is often degraded via proteasome-mediated degradation to ensure irreversible inhibition of the protease. 29, 30 Thereby, SERPINB4-mediated inhibition of its target endopeptidase eventually leads to the degradation of the enzyme, a pattern that was observed for IMMP2L during both replicative senescence and oncogene-induced senescence (Fig. 3c) . Thus, loss of IMMP2L activity and/or expression represents a fundamental and universal event under a wide range of senescence contexts.
IMMP2L is a nuclear-encoded peptidase known to be involved in processing signaling peptides of mitochondrial intermembrane proteins. 31 Hence, we reasoned that blockage of IMMP2L by SERPINB4 could negatively impact the functions of certain mitochondrial proteins due to the failed pro-peptide cleavage, consequently reprogramming the mitochondrial functionality underpinning senescence initiation. In agreement with this notion, mice harboring a non-coding intron mutation in the IMMP2L locus display early onsets of age-related disorders, 28, 32 implicating a potential role for IMMP2L in regulating cellular senescence although the mechanism underlying the mouse phenotype was not adequately explored. To test whether suppressing the expression of IMMP2L, mimicking the inhibition of its activity by SERPINB4, could recapitulate the senescent features observed in our earlier studies, both NHBE and IMR90 cells were treated with two different shRNAs for IMMP2L knockdown. Consistent with our hypothesis, knockdown of IMMP2L in these cells led to display of multiple features of cellular senescence, including enhanced SA-β-gal staining (Fig. 3d) , significantly decreased proliferation capacity (Fig. 3e ) along with induction of p16
Ink4a and SASPs (Fig. 3f, g ). Furthermore, ectopic expression of IMMP2L could partially suppress the SERPINB4-induced senescent phenotype as shown by decreased production of several key components of SASP and reduced SA-β-gal staining (Supplementary information, Figure S2e and f). Importantly, expression of IMMP2L was not altered in quiescent cells that also feature a profound cell cycle arrest as determined by an increase in the level of cyclin-dependent kinase inhibitor p27 (Fig. 3h) , suggesting that the prominent impact of IMMP2L on senescence induction occurs beyond solely regulating cell cycle. Taken together, our initial screen to identify signaling pathways playing a fundamental and universal role in mediation of the onset of cellular senescence led to the discovery of IMMP2L as a central component whose activity or expression is directly and uniquely associated with the senescent program.
Although our study identified SERPINB4 as a senescence modulator based on initial screen in NHBE cells, this peptidase inhibitor's expression appears to be restricted in several specific types of cells and tissues such as lung-associated bronchial cells, whereas IMMP2L is universally expressed across different cell types and organs. [33] [34] [35] Thus, the regulation of IMMP2L expression/ activity can be possibly achieved in multiple ways at both transcriptional and post-transcriptional levels that largely depend on the contexts of cell types and senescence stimuli, and inhibition of IMMP2L by SERPINB4 represents only one of the regulatory pathways to switch off IMMP2L signaling in a specific context such as NHBE cells. Hence, with an aim to explore the more universal process associated with the control of senescence initiation, our subsequent effort has been focused on exploration of the mechanisms by which alterations of IMMP2L activity serve as the focal point for senescence initiation and/or maintenance in a wide-range of biological contexts.
Systematical identification of the critical mitochondrial substrates regulated by IMMP2L-mediated processing IMMP2L is a nuclear-encoded mitochondrial peptidase that belongs to the mitochondrial protein processing machinery. For Fig. 3 SERPINB4-IMMP2L inhibitory signaling axis carries pivotal impacts on cellular senescence. a Detection of potential covalently bound complex formed by SERPINB4 and its target protease using SERPINB4 antibody. NHBE cells were treated with EGFR inhibitor Erlotinib (1 uM) for 48 h for senescence induction prior to cell lysate preparation and immunoblot. b Identification of IMMP2L to be the potential peptidase trapped and inhibited by SERPINB4. Left: A Flowchart depicting the strategy to identify the target peptidase inhibited by SERPINB4. Right: Immunoblot detection of IMMP2L within the SERPINB4-target peptidase complex using IMMP2L antibody. c Loss of IMMP2L is a fundamental event of senescence programming. NHBE cells undergoing replicative senescence and IMR-90 cells undergoing oncogenic Hras-induced senescence have been used. Expression of the oncogenic Hras (Tet-On) was induced by adding Dox (1 ug/mL) 7 days before detection. d IMMP2L knockdown is sufficient to induce cellular senescence as determined by SA-ß-Gal staining. Left: Representative images of SA-ß-Gal staining in both NHBE and IMR-90 cells. Right: Quantification of senescent cells in each group. Data are mean ± s.d.; Two-tailed, unpaired t-test was used. Data are representative of five independent areas. Scale bar = 50 μm. e Cell cycle arrest can be induced by IMMP2L knockdown. IMMP2L has been stably knocked down in IMR-90 cells and Edu (10 uM) has been added into medium 2 h prior to the detection of Alexa Fluor 647-labeled Edu using flow cytometry. Data are mean ± s.d.; Two-tailed, unpaired t-test was used. f Immunoblots revealing upregulation of 16
Ink4a in both NHBE and IMR-90 cells upon IMMP2L knockdown. g IMMP2L knockdown in IMR-90 cells induced the production of SASP factors, represented by three cytokines, as determined by qPCR examination. Data are mean ± s.d.; Two-tailed, unpaired t-test was used. h Loss of IMMP2L is specifically associated with senescence, but not quiescence, as determined by immunoblot. Quiescence marker, p27; senescence marker, 16
Ink4a . Growth to confluence has been used for quiescence induction. Replicative-senescent IMR-90 cells have been used as senescence context over a thousand proteins within the mammalian mitochondria, the majority of them are synthesized in the cytoplasm and then imported into mitochondria. 31, 36 Mechanisms underlying mitochondrial protein import have been mainly studied in the model organism budding yeast Saccharomyces cerevisiae. Based on those studies, many of these nuclear-encoded mitochondrial proteins contain the N-terminal pre-sequences that can be recognized by surface receptors on the mitochondria, leading them to be imported into destined sites. 37 Once imported, a group of peptidases including Icp55, Oct1, m-AAA protease, Pcp1, Imp1 and Imp2, acts to proteolytically regulate the maturation, stability and functional properties of those proteins. 31 IMMP2L is the mammalian homologue for yeast Imp2, so we postulated that failure in N-terminal transit peptide processing of certain specific mitochondrial proteins due to loss of IMMP2L would disrupt their activities and trigger the onset of cellular senescence (Supplementary information, Figure S2g ). Since the functionality and the downstream substrates of IMMP2L are largely unknown in the context of mammalian system, we employed and further customized a SILAC-associated proteomics technology named terminal amine isotopic labeling of substrates (TAILS) 38, 39 to systematically identify the mitochondrial substrates of IMMP2L in a proteome-wide screen (a schematic description of our substrate identification strategy is shown in Fig. 4a ). Theoretically, we expected that ectopically expressing extra IMMP2L would facilitate the processing of its target mitochondrial proteins more efficiently, and thus those substrates would predominantly exist in their processed mature form. On the other hand, the control group solely expressing endogenous IMMP2L may process the target proteins in a relatively less efficient manner resulting in comparatively lower production of processed substrates. In addition, since IMMP2L is assumed to function in protein processing instead of degradation, we expected that the total protein amount of target substrates counting both unprocessed and processed forms should remain at a similar level regardless of IMMP2L ectopic expression. Furthermore, we focused our attention on the around 100 proteins known to be localized inside the mitochondrial intermembrane space where IMMP2L presumably carries out its catalytic activity. 40, 41 Based on all the criteria described in Fig. 4a , two mitochondrial intermembrane space proteins, GPD2 and AIF, were identified as substrates of IMMP2L. Specifically, the whole mitochondrial proteomic profiling analysis indicated that the total protein levels of GPD2 and AIF remained similar in both control and IMMP2L-overexpressing samples (Fig. 4b, d ). Regarding the abundance of TAILS-labeled N-terminus standing for the processed GPD2, we could detect those peptides in higher intensity in the IMMP2L-overexpressing group (Fig. 4c) . Immunoblotting further validated the processing pattern of GPD2 that ectopic IMMP2L could enhance the conversion of GPD2 from pre-protein to its processed form (Fig. 4f ). Regarding AIF, both the TAILS-MS and subsequent immunoblotting indicated that there was a significant increase of processed AIF upon IMMP2L ectopic expression whereas the processing was much less efficient under the endogenous condition (Fig. 4e, f) . Taken together, these results strongly suggest that we have identified at least two substrates of IMMP2L including GPD2 and AIF that could potentially play roles in the IMMP2L signaling network.
Alteration of IMMP2L-GPD2 signaling axis reprograms the metabolic state and signaling network associated with the initiation of cellular senescence Consistent with our identification of GPD2 as one of the substrates of IMMP2L using human cells, a previous study reported that impaired processing of GPD2 was observed in IMMP2L mutant mice, 28 indicating that processing GPD2 by IMMP2L is conserved in the mammalian system, although it was unclear whether IMMP2L-mediated processing was critical in regulating the activity of GPD2. More importantly, it remains largely unknown whether GPD2 represents the critical downstream target of IMMP2L which mediates its regulation of cell fate and the aging phenotype observed in mice. 42 To address this question, we first examined different cell fates and found that downregulated IMMP2L-GPD2 axis was only observed during cellular senescence rather than quiescence (Supplementary information, Figure S3a ), indicating that shutdown of the IMMP2L-GPD2 axis was specifically associated with the onset of senescence program instead of all non-dividing cell fates. GPD2 processing was also decreased upon IMMP2L knockdown in both NHBE and IMR-90 cells (Supplementary information, Figure S3b ). Notably, in both types of cells with a longer term knockdown of IMMP2L or within senescence contexts, even the unprocessed GPD2 was diminished together with the loss of IMMP2L and processed GPD2, suggesting that a complete shutdown of the IMMP2L-GPD2 axis may require blockage of both expression and processing of components within this pathway. Moreover, knockdown of GPD2 with shRNAs could sufficiently induce cellular senescence recapitulating many features of IMMP2L knockdown cells ( Fig. 5a -c; Supplementary information, Figure S3c and d). Together, these data suggest that the senescence program involving loss of IMMP2L is in part via suppression of its downstream pathway related to the metabolic enzyme GPD2.
As illustrated in Fig. 5d , GPD2 is a critical component of the glycerol phosphate shuttle that connects cytoplasmic and mitochondrial metabolism, catalyzing the reduction of dihydroxyacetone phosphate (DHAP) to Glycerol 3-phosphate, which is coupled with oxidation of NADH. 43 Considering our earlier finding that ectopic expression of IMMP2L could further facilitate the processing of GPD2 into its mature form, we probed its impact on cell metabolism regulation. From the metabolic profiling analysis, Glycerol 3-phosphate is one of the major metabolites displaying a significant increase in abundance among all molecules detected in the assay upon IMMP2L overexpression (Fig. 5e) . Moreover, metabolite set enrichment analysis for all increased metabolites using MetaboAnalyst 44 also indicated that metabolic pathways involving NAD + synthesis and utilization of Glycerol 3-phosphate are the prevailing ones activated upon boosting the IMMP2L-medaited processing of GPD2 (Supplementary information, Figure  S3e -g). These findings suggest that IMMP2L-mediated processing is essential to activate GPD2 enzymatically and GPD2 also represents the key substrate of IMMP2L from the aspect of metabolic control. NAD + and Glycerol 3-phosphate are the metabolites derived from activity of the mitochondrial IMMP2L-GPD2 signaling axis. Although NAD + metabolism has been shown to be critically involved in aging and cellular senescence, 45, 46 it may not fully Fig. 4 Systematic identification of mitochondrial protein(s) processed by peptidase IMMP2L using customized proteomics. 47 and our observation of only a mild increase of NAD + level upon boosting the activity of the IMMP2L-GPD2 axis (Supplementary information, Figure S3h ). To address this question, our focus was then centered on Glycerol 3-phosphate, which serves as a critical precursor for phospholipid biosynthesis. 48 Since mitochondria are also regarded as one of the major cellular compartments responsible for phospholipid production, 49 we then conducted a lipidomics Switching off IMMP2L signaling hierarchy drives senescence L. Yuan et al profiling to systematically examine the impact of mitochondrial IMMP2L-GPD2 signaling axis on the status of lipid metabolism. IMR-90 cells with three different contexts were employed including cells ectopically expressing IMMP2L to boost the activity of IMMP2L-GPD2 axis towards overproduction of Glycerol 3-phosphate, normal proliferating cells, and senescent cells with intrinsically downregulated IMMP2L-GPD2 signaling. Each of these groups of samples displayed a distinct lipid signature (Fig. 5f ). For over 1000 lipid compounds identified, we paid special attention to the lipids that were specifically decreased in the context of senescence, but were present at a similar or higher abundance in the context when the IMMP2L-GPD2 axis was further reinforced. Remarkably, over 90% of the lipid molecules fitting this specified criterion turned out to belong to different classes of phospholipids instead of other types of lipids ( Fig. 5g ; Supplementary information, Figure S3i ). These data suggest that the mitochondrial IMMP2L-GPD2 axis is critically involved in phospholipid production by providing its precursor glycerol-3-phosphate, and inhibition of this pathway could lead to profound cell-cycle arrest due to a shortage of essential constituents for new membrane biogenesis. Moreover, phospholipids are known to serve as pathway regulators through their membrane-based recruitment of cytosolic proteins containing phospholipid-binding domains, 50 which could thereby play a role to program mitochondrial signaling pathways for cell fate control. To probe this possibility, we isolated mitochondria for proteome-wide profiling with a specific interest in any cytosolic phospholipid-binding proteins that become more enriched in mitochondrial fractions upon boosting IMMP2L-GPD2 signaling. In this regard, we have identified PKC-δ as one of the top candidates fitting the criteria (Fig. 5h) , which was subsequently validated by immunoblotting since either reinforcement or shutdown of IMMP2L-GPD2 signaling could alter the abundance of PKC-δ associated with mitochondria (Fig. 5i) . We also isolated mitochondria from cells that have undergone cellular senescence and found the loss of IMMP2L-GPD2 signaling to be linked with a decrease in the level of mitochondria-associated PKC-δ (Fig. 5i) .
PKC-δ is a serine/threonine kinase 51 and thus its decreased presence in mitochondria could reduce the phosphorylation level and hence alter the activities of its substrates within the organelle towards establishing a new metabolic and signaling landscape favoring cellular senescence. In this regard, we found the enhanced production of ROS as one of the primary consequences arising from loss-of-IMMP2L-mediated mitochondrial reprogramming (Fig. 5j) , which is the condition known to act as a fundamental force driving the cell fate towards senescence. 52 Moreover, we attempted to identify the specific protein(s) phosphorylated by PKC-δ that may serve as downstream effectors of this newly discovered pathway in the context of cellular senescence. PKC-δ has previously been shown to directly phosphorylate pyruvate dehydrogenase kinase (PDK), leading to phosphorylation-dependent inhibition of mitochondrial pyruvate dehydrogenase (PDH), a key regulator mediating pyruvate's entrance into the tricarboxylic acid (TCA) cycle. 53, 54 Notably, enhanced PDH activity due to its dephosphorylation is recognized as the causative event critically implicated in the execution of oncogene-induced senescence to suppress tumor initiation as well as cancer progression. 55 Accordingly, we explored the possibility that IMMP2L signaling-mediated recruitment of PKC-δ to the mitochondria may serve as the upstream event responsible for modulating PDH phosphorylation in response to oncogenic insults and tumorigenesis. Mitochondria isolated from IMR-90 cells were probed and PDH dephosphorylation was found to be coupled with absence of PKC-δ on the mitochondria due to activation of the senescence program which switches off IMMP2L signaling against oncogenic transformation (Fig. 5k) . Conversely, for the transformed HeLa cells, boosting the IMMP2L signaling to facilitate the recruitment of PKC-δ on the mitochondria can lead to profound increase of PDH phosphorylation (Fig. 5k) . Collectively, starting from revealing GPD2 as a critical substrate of IMMP2L, we have systematically identified a new signaling hierarchy underlying the activity of IMMP2L-GPD2 axis for cell fate regulation.
Failure in the generation of pro-apoptotic AIF due to loss of IMMP2L confers resistance to oxidative stress and survival of senescent cells Having illuminated the critical roles of IMMP2L-GPD2 axis in programing metabolism and signaling network for cell fate Fig. 6 The IMMP2L-AIF axis mediates oxidative stress-induced cell death and its shutdown is crucial to the survival of senescent cells under the stress condition. a Immunoblot to examine the impact of IMMP2L on the processing of mitochondrial-associated cell death effectors. Ectopic IMMP2L expression was induced by addition of Dox for 2 days. Antibodies capable of detecting specific proteins in both unprocessed and processed forms were used as indicated. b Schematic description of the approach for oxidative stress imitation. c IMR-90 cells with or without IMMP2L overexpression were grown for 48 h prior to replacement with fresh medium with or without addition of the oxidative stressinducing agent glucose oxidase (50 mU/mL) for 2 h. Cells were then labeled with Annexin V and PI, and further analyzed by flow cytometry. Representative plots are shown. Frequency of Annexin V and/or PI-positive labeling was recoded as percentage of cell death. d Quantification of cell death rate based on flow cytometry analysis of data presented in panel c. Data are mean ± s.d.; Two-tailed, unpaired t-test was used. e The release of pro-apoptotic tAIF from mitochondria in control or cells with IMMP2L overexpression upon exposure to oxidative stress as described for panel c. Cells were fractionated into membrane and cytosolic fractions and immunoblots conducted for each fraction using indicated antibodies. Mitochondrial enrichment was seen with mitochondrial marker COX IV. f Prolonged oxidative stress facilitates the endogenous IMMP2L-mediated cleavage of endogenous AIF, which was suppressed due to loss of IMMP2L in cells with a senescent state. Early passage and replicative senescent IMR-90 cell were exposed to glucose oxidase (50 mU/mL) for 6 h as defined as the long-term oxidative stress condition before immunoblot analysis. g Senescent cells acquire resistance against oxidative stress. Early passage and senescent IMR-90 cells were treated with the same condition as in panel f. Cells were then labeled with Annexin V and PI, and further analyzed by flow cytometry. Representative plots are shown. Frequency of Annexin V-and PI-negative labeling was recoded as percentage of cell viability. h Quantification of cell viability based on flow cytometry analysis of panel g. Data are mean ± s.d.; Two-tailed, unpaired t-test was used regulation, we turned our attention to the decision-making question of how cells can be specifically instructed into senescence but not cell death in response to high levels of ROS, which is a stress condition known to represent the driving force for both of these two distinct cell fates and derived from shutdown of the IMMP2L-GPD2 signaling axis. We reasoned that there must be a specified molecular machinery underlying the senescence program to guide the cells to avoid the fate of oxidative stress-induced cell death, which may also involve the regulation of IMMP2L along with another substrate of this peptidase identified in the aforementioned TAILS-MS proteomics screen, AIF, due to its functional relevance. Previous studies suggested that the mature AIF (mAIF) acts as a NADH-dependent oxidase and plays pivotal roles in regulating mitochondrial respiration in healthy cells such as terminally differentiated neurons. 56 In response to certain cytotoxic insults, however, the N-terminus of mAIF is cleaved to generate the soluble truncated version of AIF (tAIF) possessing a pro-apoptotic activity, which can translocate into the nucleus to execute the lethal function. 57 While the N-terminal proteolysis of mAIF into tAIF is critical for switching AIF from a pro-survival regulator of mitochondrial respiration into a pro-apoptotic factor, the specific peptidase involved in this processing remained largely unknown. In this regard, previous studies using cell-free systems have revealed that mitochondrial μ-calpain, which is a calcium-dependent protease, can process AIF into the pro-apoptotic form upon its activation. [58] [59] [60] However, the involvement and necessity of μ-calpain for in vivo processing of AIF remain to be further scrutinized. 61, 62 As shown below, we have now identified IMMP2L as a peptidase capable of catalyzing this in vivo pro-apoptotic conversion. To probe the cell death angle further, we also tested whether IMMP2L could act as a peptidase for the processing of Fig. 7 Loss of IMMP2L is associated with natural aging process. a Skeletal muscle tissues taken from young and geriatric C57BL/6 mice were used for immunoblot. b Lipid profiling for skeletal muscle tissue taken from young and geriatric C57BL/6 mice. All lipid molecules significantly declined in geriatric mice were shown (P value < 0.05). Data are mean ± s.d.; Two-tailed, unpaired t-test was used. c Expression of indicated genes were measured by RT-qPCR. White blood cell samples from indicated group are used for experiment. Data are mean ± s.d.; Two-tailed, unpaired t-test was used. d, e Deletions within intron 3 of IMMP2L genomic locus were detected by the CNVs assay in general populations compared with longevity group. d Schematic view of the IMMP2L genomic locus. qPCR probes corresponding to the intron region are marked with arrows. e Detection of intron deletions using CNV probe No.1; n = 10; Data are mean ± s.d.; Two-tailed, unpaired t-test was used other mitochondrial pro-apoptotic factors known to contain transit peptides, 63 including SMAC, HtrA2 and Endonuclease G, and found that IMMP2L displayed a substrate-specificity in processing only mAIF (Fig. 6a) . Notably, it was suggested that AIF, rather than other aforementioned mitochondrial death effectors, plays an essential role in oxidative stress-mediated cell death. [64] [65] [66] Thereby, we reasoned that the IMMP2L-AIF axis likely represents the key regulatory pathway determining the susceptibility to oxidative stress-mediated cell death that needs to be switched off during the onset of cellular senescence. To better imitate the persistent presence of oxidative stress, glucose oxidase (GO) was employed as the stimulus, which can continuously generate H 2 O 2 as illustrated in Fig. 6b . Cell viability assay indicated that cells with IMMP2L ectopic expression became more vulnerable under oxidative stress in comparison to control cells (Fig. 6c,  d) . Mechanistically, increased levels of IMMP2L could facilitate the conversion of mAIF to tAIF. Under the short-term GO treatment for cells with enforced IMMP2L expression, the oxidative stress was capable of disrupting mitochondrial outer membrane and enabling the release of a large portion of soluble pro-apoptotic tAIF from mitochondria to induce cell death (Fig. 6e) .
Under the senescence program, however, shutdown of IMMP2L signaling is thereby expected to ensure AIF remaining in its prosurvival form and thus drive cells into senescence but not cell death in the presence of high levels of ROS, which is one of the consequences of blockage of the IMMP2L-GPD2 axis as demonstrated earlier. Indeed, we found that oxidative stress in healthy cells could activate endogenous IMMP2L towards generating tAIF for cell death initiation (Fig. 6f) . In contrast, with the same oxidative insult in cells undergoing either senescence or with IMMP2L knockdown, AIF remains in its pro-survival mature form without pro-apoptotic conversion normally catalyzed by its processing peptidase IMMP2L ( Fig. 6f ; Supplementary information, Figure S3j ), leading to enhanced survival capacity of senescent cells (Fig. 6g, h ). Taken together, these data demonstrate the critical role of IMMP2L for regulating AIF towards the execution of a cell death pathway in response to oxidative insult, and its shutdown under the senescence program can ensure a cell fate towards senescence instead of cell death upon high levels of ROS.
Declined IMMP2L signaling can be observed during natural mammalian aging process For the natural aging process taking place throughout mammalian lifetime, cells within the body are confronted with a series of multivariable stress ranging from oncogenic activation to telomere shortening-induced replicative stress and DNA damage, leading to the generation of senescent cells which accumulate at least partly due to decline in immune clearance through chronological aging. 9 Considering our in-depth mechanistic studies revealing IMMP2L's critical roles in mediating cellular senescence regardless of its triggering origin, we investigated if decline of IMMP2L functionality is broadly implicated throughout the progressive function-declining process of natural aging. Our initial examination focused on mouse skeletal muscle mainly because symptom of declined skeletal muscle function is commonly associated with advanced aging 67 and a recent study has uncovered that muscle stem cells switch their cell fate from quiescence into senescence at geriatric stage. 68 We assessed the expression profile of components within the IMMP2L-assocaited pathways in wild-type mice of 2-3 (young) and 25-32 (geriatric) months of age. As shown in Fig. 7a , expression of the p16 Ink4a , which is also a biomarker of mammalian aging besides being a senescence marker, 69 is increased in the geriatric group as expected. Conversely, IMMP2L was markedly diminished at the geriatric stage. For GPD2, which needs to be processed by IMMP2L to become enzymatically active, we have observed that its total level was significantly decreased in aged animals, further supporting the notion that shutdown of the IMMP2L-GPD2 axis is universally implicated in cellular senescence both in vitro and in vivo. Considering that decline in the signaling of IMMP2L-GPD2 axis could predominantly suppress the biosynthesis of phospholipids based on our earlier in vitro studies, we examined agingassociated lipid metabolic alterations in skeletal muscle. Consistently, for all the lipid metabolites significantly decreased during the chronological aging process, the vast majority of them were various types of phospholipids (Fig. 7b) . Intrigued by those results, we then extended the study into the context of human aging via using the whole blood samples from vigorous young and relatively fragile old adults. Importantly, significant elevation of p16
Ink4a and downregulation of IMMP2L could be observed in samples from the aged cohort (Fig. 7c) . Collectively, these pieces of physiological evidence suggest that loss of IMMP2L signaling is a fundamental event underlying cellular senescence during the mammalian natural aging process across tissues and species.
Healthy longevity of centenarians (CENs) represents a complex phenotype, with underlying contributions by environmental influence, genetic variations and environment-genome interactions. [70] [71] [72] [73] Previously, our study revealed that CENs possesses distinct genetic characteristics related to mitochondria, 74 which prompted us to investigate if distinct patterns on the genomic locus of mitochondrial peptidase IMMP2L also exist in cohorts of CENs. Because copy number variations (CNVs) leading to intragenic deletions at the IMMP2L locus were observed in patients with neurological diseases, 75, 76 we explored whether the disease-resistant CENs would display a different CNV profile from the general population at the IMMP2L locus. Accordingly, we employed the genomic samples of CENs, first-degree offspring (F1) of CENs and spouses of their offspring (F1SPs), and conducted CNV examinations on the IMMP2L locus with a focus on regions shown to contain prevalent deletions based on analysis of aforementioned diseases (Fig. 7d) . Interestingly, we found that F1SPs seem to have more frequent deletions within intron 3 of IMMP2L when compared with CENs ( Fig. 7e ; Supplementary information, Figure S4 ). Considering that the offspring of centenarians inherit a potential advantage in the delay of developing age-related diseases, 77 the incidence of IMMP2L intron deletions among these individuals appears to be slightly lower than their spouse group representing the general population. These results of genetic correlation analysis indicate that the centenarians display characteristics of better genomic integrity at the IMMP2L locus when compared with the general population which may be associated with their healthy longevity.
DISCUSSION
Cellular senescence is one of the fundamental cell fates that plays important roles during the natural aging process. However, the distinct signaling program controlling this cell fate has remained less understood as many associated characteristics of cellular senescence, including cell cycle arrest, pro-inflammatory factor secretion and activated response to stress, are also shared by other important cell fates including quiescence, terminal differentiation and cell death. As described in this report, we have uncovered a signaling hierarchy that appears to be the switch controlling the cell fate decisions of healthy, senescent and apoptotic cells, which involves the collaboration between IMMP2L-GPD2 and IMMP2L-AIF signaling pathways centered on programming mitochondrial functionality as illustrated in Fig. 8 .
In the aftermath of encountering various types of stress stimuli, senescent cells are still viable and metabolically active, and this long-lasting state needs to be initiated and maintained by a specific metabolic program. 55 In healthy cells, IMMP2L-mediated pre-sequence cleavage empowers the processed GPD2 to become metabolic active which enables a redox reaction to produce phospholipid precursor Glycerol 3-phosphate to maintain metabolic fitness of the cells. During the initiation of cellular senescence, shutdown of the IMMP2L-GPD2 axis would lead to reducing the supplies of phospholipid needed for both cell membrane synthesis and regulation of certain phospholipidbinding kinase pathways such as PKC-δ-associated signaling. These alterations could act in concert to maintain cells in a longterm stable cell-cycle arrest state featuring high levels of ROS. Currently, metabolic interventions and supplementations have been tested aiming to increase both healthy span and life span of human population. 78 For example, therapeutic strategies to restore NAD + levels have been shown to ameliorate some aging-related disorders. 46 Considering that blockage of the IMMP2L-GPD2 axis is critically involved in the initiation of cellular senescence and GPD2 is highly expressed in muscle compared with other tissues, 79 thorough investigations are needed to examine whether a combination of nutrition supplementations, which focus on achieving GPD2-related metabolic fitness regarding levels of both NAD + and phospholipids, and specialized physical exercise/training modes, that aim at improving GPD2-assocaited mitochondrial functionality within skeletal muscle, could systematically protect cells against stress and thus may be potentially developed into geriatric medicine benefiting elderly populations.
In addition to elucidating IMMP2L's critical role in metabolic programming underpinning the senescent state featuring high levels of ROS, our study has also uncovered that IMMP2L is concurrently involved in the critical pathway regulating cell death signaling to ensure the survival of senescent cells under oxidative stress. When normal cells are exposed to oxidative stress, IMMP2L could process AIF into its pro-apoptotic form to initiate cell death, which may help to remove cells with irreparable damage to maintain both cell and tissue homeostasis. In contrast, under oxidative stress stimuli, loss of IMMP2L switches off the path towards cell death due to the deficiency in the generation of pro-apoptotic AIF, consequently ensuring the damaged cells to be programmed into the senescent state and avoiding the fate of cell death. Considering that loss of IMMP2L can be physiologically observed across tissues and species, the decline in the rates of IMMP2L-AIF-dependent cell death in favor of cellular senescence may represent an additional mechanism accounting for the accumulation of viable senescent cells in tissues throughout the aging process, in addition to the acknowledged progressive incompetency of immune clearance.
Furthermore, while cooperative blockage of IMMP2L-GPD2 and IMMP2L-AIF signaling pathways forms the mechanistic basis for the establishment of a senescent state, activation of these two signaling branches under the control of the master regulator IMMP2L may need to be mutually exclusive in a physiological context, since activated IMMP2L-GPD2 axis represents the prosurvival arm that maintains the cellular fitness of mitochondriaassociated metabolism and signaling network; whereas the other pro-apoptotic arm involving IMMP2L-mediated truncation of AIF is aimed at removing cells with irreparable damage upon oxidative stress exposure. Indeed, our attempts to probe the functional effect of enhancing the expression of IMMP2L on cellular senescence have yielded results with limited impact, although they are consistent with a critical role of this pathway in the determination of this cell fate versus cell death (data not shown). Future study focused on illuminating the mechanisms underlying the dynamic regulation of IMMP2L's catalytic activity towards processing either GPD2 or AIF respectively will further advance the understanding of how IMMP2L, sitting in the crossroads, plays pivotal roles in the fate determination of healthy, senescent and apoptotic cells.
Given that the aging population is rapidly increasing worldwide, 80 it is crucial to advance the development of geriatric medicine to extend healthy lifespan and ultimately support active and healthy aging. 81 Previous studies suggested that selective killing of senescent cells in vivo would be a beneficial strategy to prevent the onsets of aging-associated disorders and facilitate the rejuvenation of individuals. [11] [12] [13] [14] Because cell fate decision towards senescence is a complex process involving the collaborations of multiple signaling pathways, which includes both senescenceunique and non-dividing cell fates-shared mechanisms, further indepth understanding of the distinct mechanisms specifically underpinning the senescence program is critical to develop targeted therapeutics harnessing cellular senescence with minimum side effects on normal proliferating, quiescent and postmitotic cells. In this regard, we have demonstrated that shutdown of IMMP2L signaling is uniquely associated with senescence along with illustrating its crucial implication on protecting senescent cells against the fate of cell death, which could potentially inspire the development of drugs targeting senescent cells.
Furthermore, a major challenge in the aging field remains in the lack of a definite and universal functional biomarker to identify cellular senescence in vivo besides p16
Ink4a . 82, 83 In this study, we have found that alterations of IMMP2L-mediated signaling are observed during cellular senescence associated with the natural mammalian aging process, suggesting that loss of IMMP2L may be a potential candidate of biomarker for senescence in vivo and also an indicator of aging at the molecular level. Finally, understanding the genetic basis associated with human longevity and healthy aging could provide significant biological insights into identification of protective factors and developing rejuvenated therapeutics for age-related disorders. In this regard, we have found that integrity of the genomic locus of IMMP2L is associated with healthy longevity. It will be of interest to conduct detailed investigations to understand if genomic integrity is the underlying mechanism to regulate IMMP2L properly to maintain tissue and organ homeostasis and integrity throughout the aging process, ultimately contributing to healthy longevity. Taken together, our findings that bridge mechanistic studies to genetic analysis Fig. 8 Model of IMMP2L-mediated signaling on cell fate regulation. In healthy cells growing in normal condition, IMMP2L could regulate metabolic enzyme GPD2 towards achieving metabolic and signaling fitness associated with mitochondria. Upon exposure to oxidative stress, IMMP2L could then process AIF into its truncated form with pro-apoptotic activity, leading to clearance of irreparably damaged cells. Conversely, shutdown of the IMMP2L-GPD2 axis could establish the metabolic and signaling foundation for the cell fate favoring senescence with high levels of ROS, while simultaneous blockage of IMMP2L-AIF signaling could secure the survival of senescent cells in such stress condition ranging from cellular organelle to human populations have uncovered a new signaling hierarchy orchestrated by IMMP2L for cell fate determination. For SILAC labeling, constructed inducible IMMP2L-expressing HeLa cells were divided into two parts and cultured in light DMEM medium containing 12 C 6 14 N 2 -Lys (K0) and 12 C 6 14 N 4 -Arg (R0) or heavy DMEM medium containing 13 C 6 14 N 2 -Lys (K6) and 13 C 6 15 N 4 -Arg (R10), respectively. Cells were cultured and passaged until the labeling efficiency reached 98%. Then exogenous IMMP2L was induced to express in light medium via adding Dox (1 ug/mL) 48 h before detection.
MATERIALS AND METHODS
Human whole blood samples Individuals from longevity families were recruited from Hainan province, China for the study. The research protocol was approved by the Ethics Committee at Kunming Institute of Zoology, Chinese Academy of Sciences. Informed consent was obtained from all participants prior to study and all individuals were generally healthy. Peripheral blood samples were obtained from venipuncture.
Mouse experiments
Wild type C57BL/6 were used at different ages. Mice with 2-3 months old were considered as young ones and 25-32 months old mice were regarded as geriatric. All experiments were approved by the Duke Institutional Animal Care and Use Committee.
Fluorescence activated cell sorting for collecting senescent cells NHBE cells were cultured with DMSO or EGFR inhibitor Erlotinib (1 μM) for 20 h. After the treatment, cells continued to be incubated with C12FDG (33 μM) for 1 h. Cell were then suspending in icecold FACS buffer (2% FBS, 2 mM EDTA in PBS). FSC versus SSC set helped exclude the dead cells and then the green fluorescence gating based on relative β-gal activity is used to separately sort out quiescent (β-gal negative) and senescent (β-gal positive) population derived from Erlotinib-treated group. Cells treated with DMSO only were also collected using the gating criteria for quiescent cell population. Cell sorting was carried out using the Beckman MoFlo Astrios EQ sorter.
Transcriptional profiling and quantitative PCR RNAs from control, quiescence, senescence groups were extracted by QIAGEN RNeasy Mini Kit. RNA processing and microarray analysis were done by Duke Sequencing and Genomic Technologies Core facility using GeneChip Human Genome U133 Plus 2.0 Array (Affymetrix). Based on data analysis using Partek Genomics Suite, genes with p value less than 0.05 and fold change more than 1.5 comparing senescence group with non-senescence group (both control and quiescence groups) were considered as genes specifically enriched for senescence program, which were then being used for gene ontology analysis using MetaCore.
For RNA quantitative PCR for cultured cells, primers DNA oligos were synthesized from IDT that have been listed in Supplementary information, Table S3 , total RNAs from each sample were reversely transcribed by advanced iScript cDNA synthesis kit (Bio-Rad), and further mixed with primers and SYBR green mix (Affymetrix) followed by qPCR analysis using Mastercycler Realplex system (Eppendorf). For RNA quantitative PCR using human peripheral blood samples. Blood samples of 33 subjects containing Geriatric group containing 18 centenarians (CEN), young group containing 15s-degree offspring (F2) were treated with red blood cell lysis buffer (Tiangen) and then centrifuged at 4000 rpm for 10 min to isolate white blood cells. Total RNA from white blood cells was extracted using Trizol reagent (Invitrogen). The synthesized cDNA was then used for qPCR analysis using the CFX Connect Real-Time System (Bio-Rad) with GoTaq qPCR Master Mix (Promega).
Copy number variation assay Blood samples of 30 subjects containing 10 centenarians (CEN), 10 their first-degree offspring (F1), 10 spouses of their offspring (F1SP) were randomly chosen for copy number assay. Genomic DNA (gDNA) was extracted using the AxyPrep Blood Genomic DNA Miniprep Kit (Axygen). gDNA with an A260/A280 ratio of greater than 1.7 was qualified and then diluted to 5 ng/μL using nuclease-free water to make 5 × stock solution. Reaction was performed on a 384-well plate using a copy number assay kit (Applied Biosystems). Four replicates of each sample were used for statistical analysis. Copy number was analyzed using the CopyCaller™ Software (Applied Biosystems). Probes for different locations of the target gene IMMP2L were from Applied Biosystems and listed in the Supplementary information, Table S3 .
Lentivirus production and transduction The lentiviral inducible expression vector pCDH-TetOne-MCS-EF1-Puro 84 carrying SERPINB4, IMMP2L, Luciferase, SERPINB1, SER-PINB3, SERPINB7, SERPINB9, SERPINB13 ORFs were individually cotransfected with the packaging plasmids psPAX2, pCI-VSVG using Lipofectamine LTX into HEK293T cells. For NHBE cells, lentiviral supernatant were concentrated using Lenti-X concentrator (Clontech) and then applied for 8 h with 2 μg/mL polybrene. For viral transduction in IMR-90 cells, cells were infected with viruses for 24 h with 4 μg/mL polybrene. 48 h post virus transduction; both NHBE and IMR-90 cells were cultured in selection medium containing 1 ug/mL puromycin for two days. After selection, 1 ug/mL Dox was added into medium to induce gene expression and cells were then collected for subsequent experiment. For control and the shRNA constructs (Supplementary information, Table S3 ) targeting SERPINB4, IMMP2L and GPD2, all the virus production and transduction procedures remain the same as that for ectopic expression.
SA-β-gal assay SA-β-gal assay was conducted using Senescence β-Galactosidase Staining Kit (Cell Signaling). In general, indicated groups of cells were washed twice in PBS and then fixed using 2% formaldehyde and 0.2% glutaraldehyde in PBS for 5 min at room temperature. After further rinse in PBS again, cells will be stained with β-Galactosidase Staining Solution at 37°C ranging from 8 h to overnight. Microscopic analyses were performed using an Olympus CK40 microscope with DP20 camera.
Flow cytometry analysis Detection of SA-β-gal activity using flow cytometry. Erlotinibinduced senescent cells has been treated with C12FDG prior to detection of SA-β-gal positive cells using flow cytometry. For measuring cell proliferation, indicated groups of cells were incubated with 10 uM EdU for 2 h and the subsequent processing and labeling were performed using Click-iT EdU flow cytometry assay kit (Thermo Fisher). For measuring the levels of ROS, the cells were stained with 5 μM of CellROX Deep Red Reagent (Thermo Fisher) by cultured with the probe for 30 min. The cells were then collected and analyzed using flow cytometry. Regarding the cell death measurement, indicated groups of cells were harvested and immediately stained using Dead Cell Apoptosis Kit (Thermo Fisher). All flow cytometry analyses were performed on BD FACSCanto IIs. Data were analyzed using the Flow Jo software.
Western blot analyses For immunoblot assay, cell culture related protein samples were prepared using lysis buffer (20 mM Tris-Cl, 100 mM NaCl, 0.5 mM EDTA) containing protease and phosphatase inhibitors with sonication. For protein samples from tissue, samples were mixed with T-PER buffer (Thermo Scientific) and further homogenized using TissueRuptor (QIAGEN). All samples were collected and boiled in loading buffer for 10 min. Protein concentrations were determined with the BCA Protein Assay (Pierce). Cell lysates were loaded on NuPAGE Bis-Tris protein gel (Thermo Scientific) and transferred to PVDF membrane (Millipore). Membranes were blocked with 5% BSA and visualized with Supersignal West Pico Chemiluminescent Substrate Kit (Thermo Fisher).
The following antibodies were used for immunoblots. BetaActin (Sigma, A5316, 1:5000), p16 (BD, 551154, 1:1000), SERPINB4 Mitochondria-based proteome profiling and TAILS experiment Isolated mitochondrial pellets were resuspended in lysis buffer (100 mM HEPES (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 1 mM PMSF) containing protease inhibitor cocktail (1 tablet per 10 mL buffer) and sonicated on ice for 3 min. The lysates were clarified by centrifugation at 21,130 × g for 10 min at 4°C, and then the supernatant was collected. The amount of mitochondrial proteins was quantified using standard BCA protein assay kit. For quantitative analysis, 200 µg proteins of both samples were combined prior to subsequent procedures. Guanidine hydrochloride were added to the lysate to a final concentration of 4 M for mitochondrial protein denature. Then the proteins were reduced with 5 mM dithiothreitol (DTT) at 56°C for 30 min and alkylated with 15 mM iodoacetamide (IAA) in the dark at room temperature for 30 min. The alkylation was quenched by DTT at the final concentration of 20 mM at room temperature.
For SILAC-labeled proteome profiling experiment, 100 µg protein mixture were transferred to the 30 KDa molecular weight cut-off filter, spun down and washed twice with 100 mM HEPES buffer (pH 8.0). Then the proteins were resuspended in 100 μL 50 mM HEPES (pH 8.0) in the filter and digested by trypsin at a protein to enzyme ratio of 50:1 (w/w) (overnight, 37°C). Then the digested peptides were filtered, desalted, and fractionated into six fractions using home-made C 18 Stage-Tip. 85 Peptide samples were vacuum dried for HPLC−MS/MS analysis.
For the TAILS enrichment experiment, 300 µg protein mixture were extracted. Then the primary amines were blocked at the protein level with 40 mM formaldehyde and 20 mM sodium cyanoborohydride (overnight, pH 6.5, 37°C). The dimethyl labeling reaction was quenched with 100 mM Tris-HCl (pH 6.8) at 37°C for 4 h. The mixture was digested with trypsin. The tryptic peptides were incubated with hyperbranched polyglycerol-aldehydes polymer at a polymer:peptide ratio of 5:1 (w/w) and with 20 mM sodium cyanoborohydride (pH 7, overnight, 37°C). The reaction was quenched with 100 mM Tris-HCl (pH 6.8) at 37°C for 30 min and the peptides with demethylation-blocked N-terminal were recovered by ultrafiltration. The filtered peptides were desalted and fractionated into 3 fractions by home-made C 18 Stage-Tip, and vacuum dried for HPLC−MS/MS analysis.
For the HPLC-MS/MS analysis, the peptides were analyzed on an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with an EASY-nLC 1000 ultra-highpressure liquid chromatography(HPLC) system (Thermo Fisher Scientific, Waltham, MA, USA). The peptides were dissolved in mobile phase buffer A (0.1% formic acid (FA), 2% acetonitrile in water) and loaded onto an in-home made capillary column (75 μm ID × 15 cm) with C 18 resin (3 μm, 100 Å, Dikma, China) by an autosampler. Then the peptides were separated and eluted with a linear gradient of 8%-32% of mobile phase buffer B (0.1% FA in 90% acetonitrile) for 50 min, 32%-48% buffer B for 5 min and 48%-80% buffer B for 5 min at the flow rate of 300 nL/min on HPLC system. The eluted peptides were ionized under high voltage (2.2 KV) and detected by Orbitrap Fusion using nano-spray ion source (NSI). For MS1 scan, peptides with 350-1300 m/z were detected in the Orbitrap at the resolution 70,000 at 200 m/z. The automatic gain control (AGC) target was set to 5 × 10 5 , and maximum ion injection time was set to 50 ms. The ions with intensity above 5 × 10 3 were subjected to fragmentation via high energy collision induced dissociation (HCD) with 32% normalized collision energy (NCE). The fragmented ions were analyzed in LTQ. The AGC target in the ion trap was set to 7 × 10 3 , and the isolation width was 2 m/z.
Regarding the database search, for the SILAC labeled proteome profiling, the raw data were searched with MaxQuant software (version 1.4.1.2) based on Andromeda search engine against a composite target/decoy database to estimate false discovery rate (FDR). The target Human database (version 20170507, 88817 protein sequences) was downloaded from UniProt database (http://www.uniprot.org/), and the decoy database was derived from pseudoreversed sequences of the target proteins. Lys0 and Arg0 were set as "light label," Lys6 and Arg10 were set as "Heavy labels." Enzyme specificity with trypsin was used, and maximum missing cleavages was set as two. The mass error tolerance for precursor ions was 20 ppm and fragment ions was 0.5 Da. The fixed modification was set as Carbamidomethyl (C) and variable modifications were oxidation (M), acetylation (Protein N-term). False discovery rate (FDR) thresholds for protein and peptide were set at 0.01.
For the TAILS analysis, the raw data were searched with Proteome Discoverer software (version 1.4; Thermo Fisher Scientific Inc.) based on Mascot search engine (version 2.3.01; Matrix Science, London, UK) with percolator. The strategy of target/decoy database search was used to estimate false discovery rate (FDR). The target Human database was downloaded from UniProt database, and the decoy database was derived from pseudoreversed sequences of the target proteins. Enzyme specificity with trypsin was used, and maximum missing cleavages was set as two. The mass error tolerance for precursor ions was 20 ppm and fragment ions was 0.5 Da. The fixed modification was set as Carbamidomethyl (C) and variable modifications were oxidation (M), acetylation (Protein N-term), dimethylation (K), dimethylation (N-term), stable isotope labeled Lys (+6.02013 Da), stable isotope labeled Arg (+8.02013 Da). At peptide level, the FDR was set as 1%. At the protein level, peptide-spectrum match (PSM) with at least high confidence and a strict maximum parsimony principle were applied. The peptides with Mascot score lower than 20 were removed. For quantitative analysis, the area of extracted ion currents (XICs) of the corresponding peptides were calculated and compared between control and IMMP2L overexpression samples. The Neo-N-termini peptides with H/L ratio lower than 0.67, or only identified in IMMP2L overexpression samples were picked out, which indicated that these peptides were generated by IMMP2L cleavage. Also the mature protein N-terminal peptides with H/L ratio higher than 1.5, or only identified in the control sample were picked out, which indicated the corresponding proteins may be the substrate of IMMP2L. Quantitative result of each candidate was manually checked and recalculated.
Mitochondrial isolation and cell fractionation For proteome profiling and TAILS experiment, mitochondria have been isolated using the QProteome mitochondria isolation kit (QIAGEN). For all the immunoblot analysis, mitochondria isolation kit (Miltenyibiotec) was used for the isolation. For experiment involving the usage of subcellular fractions, cells were fractionated using the Subcellular Protein Fractionation Kit (Thermo Fisher) according to the manufacture's instruction.
NAD/NADH quantification assay The cytosolic fractions obtained from subcellular fraction assay were used for quantifying NAD/NADH using an NAD/NADH Quantification Kit (Promega), as described by the manufacturer.
Polar metabolite profiling IMR-90 cell pellets were dissolved in 1 mL pre-cooled 80% methanol/water and incubate for 15 min at −80°C, the supernatants collected post centrifuge were then split and transferred to two new Eppendorf tubes (one tube is for back up) and dried in vacuum concentrator at room temperature. The dry pellets were reconstituted into 30 uL sample solvent (water:methanol:acetonitrile, 2:1:1, v/v) and 3 uL was further analyzed by liquid chromatography-mass spectrometry (LC-MS). Ultimate 3000 UHPLC (Dionex) is coupled to Q Exactive Plus-Mass spectrometer (QE-MS, Thermo Scientific) for metabolite profiling. A hydrophilic interaction chromatography method (HILIC) employing an Xbridge amide column (100 × 2.1 mm i.d., 3.5 um; Waters) is used for polar metabolite separation.
Metabolomics data analysis-LC-MS peak extraction and integration were performed using commercial available software Sieve 2.2 (Thermo Scientific). The peak area was used to represent the relative abundance of each metabolite in different samples.
Lipidomics profiling in IMR-90 Cells Flash-frozen cell pellets including control and IMMP2L-overexpressing IMR-90 cells together with senescent IMR-90 cells (oncogenic Hras-induced senescence) were homogenized in a minimum volume (100 uL) 50 mM ammonium bicarbonate (AmBic) with probe sonication, and concentration normalized based on a Bradford assay. To 115 uL of each sample lysate, 200 uL MeOH containing 1:100 dilution of the SPLASH LipidoMix (Avanti Polar Lipids) deuterated internal standards was added, and samples were mixed at 25°C on Thermomixer for 5 min. An additional 600 uL of MTBE was added to each well, and samples were mixed on a thermomixer at room temperature for 60 min. Samples were centrifuged to perform phase separation, 2000 × g for 10 min at room temperature. 800 uL of the upper organic layer was transferred to glass LC vials and dried under N2 evaporation. Samples were resuspended in 50 uL of 4/3/1 v/v/v 2-propanol/ MeCN/water, with shaking for 10 min at 37°C. The samples were then immediately placed in the autosampler for analysis. The samples were analyzed using Ultraperformance Liquid Chromatography/Electrospray Ionization/Tandem Mass Spectrometry (UPLC/ESI/MS/MS) using a method allowing chromatographic resolution of many of the lipids by class and chain length/ unsaturation. 5 uL injections were used in ESI+mode and 10 uL in ESI-mode, and UPLC separation of the lipids was performed on a Waters Acquity UPLC (Milford, MA) using a Waters Acquity 2.1 mm × 10 mm 1.7 μm CSH C18 column. Mobile phase A was 10 mM ammonium formate and 0.1% formic acid in 40/60 v/v water/ MeCN. Mobile phase B was 0.1% formic acid in 10/90 v/v MeCN/2-propanol. Samples were introduced into a Synapt G2 HDMS mass spectrometer (Waters) and analyzed in acquisition Sensitivity mode (~15,000 Rs), with 0.4 s MS full scan followed by one 0.4 s data-dependent MS/MS scan. Dynamic exclusion was enabled within 1.2 Da for 30 s.
Raw data was imported into Progenesis QI (Nonlinear Dynamics) for peak-picking and data alignment between samples. This approach allows the same lipid "features" (as determined based on an accurate mass and retention time coordinate) to be quantified across all samples, resulting in minimal missing data for any sample. Raw data was aligned using default parameters, with the exception that lockmass correction was enabled using Leucine-Ekephalin (556.2771 ESI+, 554.2615 ESI-). ESI+ion adducts allowed were M+H, M+NH4, and M+Na. For ESI-, ion adducts allowed were M-H, M+Cl, M-2H, and M-H20-H. Raw peak intensities (without intensity scaling) as well as the robust mean scaled intensities for each analysis are reported for all lipid "compounds" detected. All lipid "compounds," which consist of an accurate mass, retention time, and MS/MS spectra as available, were subjected to metabolite database searching against the LipidMAPS (http://www.lipidmaps.org/). A series of curation steps were undertaken in order to provide the set of lipid metabolites which were robustly quantified and subsequently an estimation of those which were differentially expressed; This curation process suggests that there are approximately 1000 robustly quantified lipid species in the ESI+data, and~500 in the ESI data.
Lipid profiling in mice skeletal muscle Weighed about 7 mg of skeletal muscle tissue in a new 2-mL Eppendorf tube on ice. Added 200 uL of ice-cold 80% methanol (HPLC grade) and stirred using TissueRuptor (QIAGEN) until tissue was well mixed with solvent. Added another 200-uL ice-cold 80% methanol, vortex for 1 min. Added 960 uL of ice-cold MTBE and vortex for 1 min. Added 240 uL of ice-cold water, vortex for 2 min. The final extraction solvent composition is MeOH/MTBE/H 2 O 1:3:1 (v/v/v, all HPLC grade). Centrifuge at 3500 × g 4°C for 10 min, two layers formed. Top layer contained lipids, while bottom layer contained polar metabolites. Transferred the top layer supernatant that contains lipids into two tubes so that each tube had 2.5-3 mg tissue. Dried the top layer supernatant in vacuum concentrator at room temperature. The dry pellets were reconstituted into 50 uL isopropanol (IPA) (per 3 mg tissue). Vortexed for 1 min and centrifuged at 20,000 × g at 5°C. 3 uL supernatant was injected and further analyzed by liquid chromatography-mass spectrometry (LC-MS). Ultimate 3000 UHPLC (Dionex) was coupled to Q Exactive Plus-Mass spectrometer (QE-MS, Thermo Scientific) for lipids profiling. A reversed phase liquid chromatography method (RPLC) employing an Xbridge BEH C18 column (100 × 2.1 mm i.d., 2.5 um; Waters) at 40°C was used for lipid separation. The mobile phase A is 60:40 (v/v) acetonitrile:water with 0.1% formic acid and 10 mM ammonium formate. The mobile phase B is 90:10 (v/v) isopropanol:acetonitrile with 0.1% formic acid and 10 mM ammonium formate. The linear gradient used is as follows: 0 min, 40% B; 1.5 min, 40% B, 5 min, 85% B; 12 min, 97% B, 16 min, 97% B, 16.5 min, 40% B, 20.5 min, 40% B. The flow rate was 0.2 mL/ min. LC-MS peak extraction and integration were performed using commercial available software Sieve 2.2 (Thermo Scientific). The peak area was used to represent the relative abundance of each metabolite in different samples.
Data availability
The RNA transcriptional profiling data involved in this study has been uploaded to NCBI GEO datasets (GSE100014). The proteomics raw data have been uploaded to the ProteomeXchange Consortium 86 with the data set identifier PXD006602 (ID: reviewer44025@ebi.ac.uk; password: E26iAcnV).
Statistical information
Statistical Analyses were performed using GraphPad Prism software. Significance was tested by unpaired two-tailed student t-test. A p value less than 0.05 was considered significant. *p < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
